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In this work we present neutron reflection data from an alkylammonium surfactant (C16TAB) at 
the mica/water interface. The system is studied in situ in a non-invasive manner and indicates the 
formation of a complete adsorbed bilayer with little evidence of defects. A detailed analysis 
suggests that the data is not consistent with some other previously reported adsorbed structures, 
such as micelles or cylinders. 
Introduction 
Understanding the behaviour of surfactants at the mica/water interface lies at the heart of a 
number of industrial processes such as flotation and detergency. In this context the adsorbed 
layer structures of industrially important surfactants have been the subject of a number of 
studies. In this work we address the adsorption of the cationic surfactant, 
hexadecyltrimethylammonium bromide – C16TAB illustrated in Figure 1.  
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Figure 1 Molecular structure of C16TAB obtained from ChemBio3D Ultra: Hydrogen in white, 
carbon in grey, nitrogen in blue, bromine in red.  
 
Neutron reflection is a powerful tool for study of interfaces enabling buried interfaces to be 
studied non-invasively. The strength of this technique lies in its unique facility for contrast 
matching by isotopic exchange to enhance sensitivity to particular species of interest, often 
adsorbed organics. Hydrogen and deuterium have scattering length densities of opposite signs 
and so mixtures of deuterated and hydrogenated solvents or adsorbates enable multiple contrasts 
of structurally equivalent systems to be recorded. This enables fitting of a more constrained 
model resulting in improved structural characterisation. As such, neutron reflection has already 
been exploited to study the CnTABs on silica
1–3
 and quartz
4,5
. These studies report bilayer like 
structures for CTAB even at low coverages. 
Challenging substrate requirements for neutron reflection mean that this technique has not 
historically been applied to the mica surface. A high absorption cross section and scattering from 
defects in the mineral means neutron reflection from mica bulk is not possible. Cosgrove et al 
used an incident beam through a thin film of solvent which was always contrast matched to air to 
avoid contributions from the liquid/air interface to the reflected signal
6
. However, this approach 
did not achieve sufficient substrate flatness for the required reflected intensity. More recently, 
Browning et al showed that by supporting a thin layer of mica on a silicon substrate both flatness 
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and transmission problems can be circumvented and high quality neutron reflectivity data 
obtained from the mica/water interface
7
. 
There are a number of reports of the adsorbed layer structure of the C16TAB at the mica/water 
interface using SFA
8–11
, AFM
12–14
 and XRR
15,16
. A number of different surface aggregate 
structures (spheres
12
, cylinders
12,14
, bilayers
8,15,16
) are reported using these different techniques.  
Using AFM Liu et al report that below the Kraft temperature, C16,18,20TAB all formed flat 
layers on mica at twice the CMC
13
. Estimates of the layer thicknesses are all less than twice the 
extended length of the molecule; a result consistent with some interdigitation or tilting of the 
surfactant tails in the layer
13
. AFM studies also report that adsorption of 
alkyltrimethylammonium bromides on mica below the Kraft temperature (25°C) is slow to reach 
equilibrium. C16TAB is reported to initially adsorb as cylindrical aggregates which then undergo 
a structural evolution over a period of 6 to 24 hours where aggregates flatten into a bilayer
8,12,14
 
and a second weakly attached bilayer is formed on top of the first
11
.  
Recent work by Speranza et al used their ‘bending mica’ technique to study the mica/water 
interface using x-ray reflectivity (XRR)
15,16
. A series of CnTABs (n=10,12,14,16 and 18) were 
reported to form tilted or interdigitated bilayers at concentrations ranging from 0.1 to 10 CMC 
where the surface coverage and thickness increased with the bulk surfactant concentration 
reaching a maximum at roughly 1 CMC.  
With the exception of XRR, the techniques previously used to study the mica/water interface 
require the introduction of a second surface which may perturb the adsorbed layer structure. 
Significantly, adsorbed micellar structures were only observed using these invasive techniques 
suggesting that interference from the AFM probe may cause transient structures at the surface. 
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In this work we use contrast variation and non-invasive nature of neutron reflection to study 
C16TAB adsorption at the mica/water interface.  
 
Experimental Methods and Analysis 
Materials 
Mica substrates were prepared as described by Browning et al
7
. In this work the silicon blocks 
(Siltronix, France) used were 50 mm x 100 mm x 10 mm and covered with mica bound with a 
UV cured adhesive (Loctite 3301). A solid/liquid interface was created by clamping a Teflon 
trough to the mica with a slightly smaller size (40 mm x 85 mm) than the mica to avoid any 
imperfections at the edges of the mica.  
Hexadecyltrimethylammonium bromide (Sigma Aldrich >99 %) was checked for purity using 
drop shape analysis; no minimum in the surface tension was detected before the CMC (measured 
as 1.0 mM in good agreement with literature values
17
) and used as received. All glassware and 
sample containers were cleaned in concentrated nitric acid for four hours and rinsed copiously 
with ultra-pure water (Millipore 18.2 MΩ cm-1) and allowed to soak in water overnight before 
use. 
Solutions of C16TAB in D2O and H2O were made at 1 CMC (1.0 mM). Solutions were 
introduced to the neutron cell by HPLC pump (L7100 HPLC pump, Merck, Hitachi). A thorough 
exchange was ensured by pumping 14 times the cell volume (24 mL) at 2 mL min
-1
 as 
determined by a previous study. The initial filling of the cells was carried out vertically with the 
liquid entering from the bottom of the cells at 5 mL min
-1
 whilst rocking until no air bubbles 
were visible in the liquid out line.  
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Table 1 Fitted scattering length densities of materials used during this study. *Calculated from 
chemical formula C41H65NO15 determined by elemental analysis of the glue studied and the 
cured glue density, 1.16 g cm
-3
 (from Loctite 3301® Technical Data Sheet)  
Material SLD/ x 10
6
 Å
-2
 
Silicon 2.07 
Silicon Oxide 3.49 
Glue* 1.08  
Mica 3.79 
D2O 6.30 
H2O -0.56 
Contrast matched water to 
silicon (CMSi) 
2.07 
C16TAB -0.26 
 
Scattering length densities (SLD) of the materials and water contrasts used in this work are 
given in Table 1. Contrast matched waters were prepared by mixing D2O and H2O in appropriate 
ratios using an HPLC pump. Water described as contrast matched to silicon (here noted as 
CMSi) has the same scattering length density as silicon (2.07x10
-6
 Å
-2
) and was made from 38% 
D2O and 62% H2O by volume. The D2O used in this study was provided by ISIS (Sigma Aldrich 
99 %) and H2O was from an ultrapure source (Millipore 18.2 MΩ cm
-1
).  
Specular neutron reflectivity measurements were made on the SURF reflectometer at ISIS, UK 
using time of flight mode. Measurements were made in the Q range 0.007 to 0.3 Å
-1 
using three 
different grazing angles of incidence (0.25°, 0.6°, 1.5°). The neutron footprint, chosen as 35 mm 
x 75 mm to prevent clipping the edges of the Teflon trough, was held constant across all three 
angles using a series of collimating slits before the sample.  
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Data Analysis 
A typical substrate for neutron reflection is considered as a series of layers. The Abeles matrix 
method is commonly used to calculate the reflected intensity arising from the system as a 
whole
18
. The amplitudes of reflected waves are added across each interface modulated by a 
phase term dependent on the distance travelled through the layer. Here it is assume that the 
interfaces are sufficiently close that there is no loss of coherence as the radiation passes across 
the layer from one interface to the next.  
However, in mica substrate the mica and glue layers are rather thicker than those encountered 
in neutron reflectivity studies and so a thick film approach similar to that used by Zarbakhsh et al 
is employed
19
. Loss of coherence of the radiation as it passes from one interface to the next 
means that reflectivity from a single thick layer (   ) arises from the summation of reflected 
intensities each dampened by an attenuation term which depends of the path length of the 
radiation through the layer ( ) and the attenuation cross section (    ) and number density of 
atoms in the layer ( ) as shown by Eq 1. 
       
(    )
    
        
               
 
Eq 1 
The attenuation of the neutron beam by mica and Loctite® 3301 glue has been measured as a 
function of wavelength (see supporting information) and attenuation cross section parameters for 
each extracted from the data. The attenuation of the beam as a function of neutron wavelength 
was best parameterized in parabolic form for the glue (Eq 2) whilst a linear dependence was 
found to be most appropriate for the mica (Eq 3).  
                
               
               
     ,               
     ,               
       
Eq 2 
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Eq 3 
The path length through the layer is related to the angle of entry into the layer (  ) and the 
layer thickness (  ) via Eq 4. Entry angle in the layer depends on the angle of incidence (  ) and 
the wavelength dependent refractive indices of the incident phase and the layer (   and    
respectively). 
  
  
     
 
Eq 4 
Existing reflectivity analysis packages are unsuitable for use in systems with thick layers. I-
CALC, a fitting routine specifically programmed for calculating reflectivity from mica 
substrates, has been used to analyse the data using a combination of thick and thin film 
formalisms
7
.  
Experimental data was collected at three separate angles in order to cover the full   range. 
During the data reduction procedure, the full reflectivity profile is generated by combining data 
collected at three incident beam angles. Scaling of the data recorded at the middle angle to the 
highest angle, then scaling the data recorded at the smallest angle to the composition of the later 
two angles in the stitching process was used.  
In analysis of reflectivity data from thin films, knowledge only of the momentum transfer to 
the surface ( ) is required because no path length dependent absorption terms are required. In 
analysis of reflectivity data from thick absorbing films, the angle of incidence is crucial in 
determining the correct form of the reflectivity as a function of  . The wavelength dependence 
of the absorption cross section and path length through the layer cause an incident angle 
dependence on the form of the reflectivity as a function of  . By contrast to reflection from thin 
films, we do not expect the reflected intensity to be continuous in   with a change in the incident 
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angle. Nevertheless, based on model calculations, we expect that this discontinuity is indeed 
small and so usual data reduction routines can still be applied.  
Reflectivity profiles calculated using the I-CALC program are generated for the three separate 
angles of incidence and a stitching procedure applied to generate the full the full profile in 
exactly the same way as the experimental data. Instrumental and sample related resolution 
smearing is included by convolution of the calculated reflectivity profile with full width half 
maximum related to the resolution 
  
 
: here fitted to 7%. 
 
Results and Discussion 
Bare Mica Surface 
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Figure 2 [top] Observed (points) and calculated reflectivity profiles of the bare surface in D2O 
(squares), contrast matched to silicon water (CMSi- triangles) and H2O (circles). Fitted lines are 
calculated for the bare surface according to a three layer model using the parameters given in 
Table 2. Data has been scaled such that the reflected intensity is unity prior to the first critical 
edge and D2O and H2O data sets are offset for clarity. [bottom] SLD profiles extracted from fits. 
The horizontal axis is split for clarity at interfaces of interest. 
 
Table 2 Parameters used for fitting of the bare surface reflectivity profiles 
Layer Thickness Roughness/ Å 
Silicon Substrate - 3 ± 2 
Silicon Oxide 13 ± 2 Å 3 ± 2 
Glue 0.4 ± 0.1 µm 4 ± 3 
Mica 19.8 ± 0.5 µm 4 ± 2 
 
Figure 2 shows the experimental reflectivity profiles collected from the bare mica/water 
interface against a subphase in three water contrasts: D2O, CMSi and H2O. Data collected in D2O 
has two critical edges a feature which confirms that reflection is taking place from the 
mica/water interface. The condition for a critical edge is that the incident beam meets an 
interface where the SLD is higher across the interface from the incident beam. Here this criterion 
is met by both the mica layer and D2O. Usually all reflected signal would be unity below the 
highest critical angle. However, here the beam attenuation by the mica reduces the scattering 
between the two critical edges meaning both are visible.  
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All data in Figure 2 was fitted using the same structural model with only the SLD of the 
subphase allowed to vary. The shift in position of the D2O mica critical edge suggests that there 
was a small variation in the SLD of the subphase (0.2 x 10
-6
 Å
-2
) due to incomplete cell exchange 
(approximately 2% by volume). Hence the SLD of the subphase was permitted to vary slightly 
during the fitting procedure. The experimentally determined layer thicknesses and roughnesses 
are given in Table 2. The intensity of the data below the silicon/mica critical edge (       ) 
in Figure 2 is scaled to unity. 
 
The thicknesses of the glue and mica layers is relatively large and cannot be readily 
determined from the usual profile fitting but can be estimated from the beam attenuation and 
reduction in intensity between the two critical edges for mica
7
. In this work the thickness and 
structural characterisation of the adsorbed surfactant is of primary interest and this is not 
significantly affected by these glue and mica thicknesses. 
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Adsorption of C16TAB Surfactant 
 
Figure 3 [top] Measured reflectivity profiles and fits to data plotted on a log-log scale. Fits for 
the bare surface are shown for comparison as dashed lines. D2O contrasts are shown as squares 
and contrast matched to silicon (CMSi) contrasts as triangles. D2O data and fit have been offset 
by a factor of ten for clarity. [bottom] SLD profiles extracted from fits. 
 
Figure 3 shows the neutron reflection data for the mica surface with adsorbed C16TAB 
at the CMC, 1.0 mM, in D2O and CMSi and fits to the data from the bare surface for 
reference. Both contrasts show a large change relative to the bare surface; clear evidence 
that a surfactant layer has been adsorbed at the mica/water interface. The reflectivity 
profile for the surface exposed to C16TAB in an H-contrast was not measured as there is 
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insufficient contrast between the subphase and surfactant. Both the D2O and CMSi 
C16TAB data sets were fitted simultaneously by adding single layer of constant SLD. 
Only roughness, thickness and SLD of the layer were allowed to vary whilst other 
structural parameters were kept constant at the values determined from characterisation of the 
bare surface. It was found that the data fitted well to this simple one layer model. Figure 4 
presents a schematic illustration of the proposed surface structure of the system. A more complex 
three layer model for the bilayer consisting of inner surfactant head group, hydrocarbon tails 
outer head groups was also considered but the addition of these extra parameters showed no 
significant improvement on the quality of the fit so was not explored further.  
 
Figure 4 Schematic of the layer structure of mica supported on a silicon substrate with the 
C16TAB adsorbate at with water mica interface. Not to scale.  
 
The C16TAB adsorbate was fitted to a single layer of thickness 31 ± 1 Å with a roughness at 
the bilayer/water interface of 3 ± 1 Å and layer hydration of 6 ± 2 %. This adsorbed layer 
thickness is significantly smaller than twice the extended surfactant chain length (43.4 Å 
calculated using Tanford’s formula20) suggesting significant tilting (44° to the surface normal) or 
 
Silicon Oxide 
 
Mica 
Water 
Glue 
Silicon 
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interdigitation of the hydrocarbon chains as shown in Figure 4. Based on this analysis we 
conclude that the C16TAB structure at the mica/water interface is an essentially complete bilayer. 
Speranza et al measured the thickness of the C16TAB layer as 30.1 Å with a roughness of 0.5 Å 
and 100% coverage with XRR. The C16TAB bilayer thickness was measured as 31 to 36 Å by 
Kekicheff et al and Pashley et al using SFA
8–10
. Our measured values of thickness and roughness 
values are also in good agreement with these other experimental measurements providing further 
support that the surface self-assembled structure is, indeed, a bilayer. 
A number of models for cylindrical or spherical micelles have also been considered in light of 
the micellar structures imaged with AFM observed in the first 6 - 24 h after initial adsorption. In 
the long time limit the AFM measurements also report adsorbed bilayers, as we report. It is only 
in the initial phase that periodic cylindrical micellar structures are indicated by AFM. In making 
our comparison we need to estimate the depth of the micelles normal to the surface, as these are 
not available from the AFM data. Here we have assumed it is reasonable to consider a micellar 
structure which will have layer thicknesses of approximately twice the extended molecular 
length. In calculating the reflectivity, these structures have been modelled here using 21 layers 
with varying layer hydration to capture to variation in solvent content for these surfactant 
morphologies.  
Observations of C16TAB on mica imaged using AFM by Ducker and Wanless indicate a 
micellar cylinders with a repeat spacing of 70 Å, noted to be significantly larger than twice the 
extended surfactant chain length (43.4 Å)
14
. They suggest a water gap and/or flattening of the 
micelles to explain this feature of their data; this water gap therefore, may be up to 26.6 Å, 
between the adsorbed cylinders.  
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Figure 5 presents the calculated reflectivity based on adsorbed compressed cylinders separated 
on the surface by a water gap of 15 Å (as an estimate of the structure put forward by Ducker and 
Wanless). (The calculated reflectivity expected from spherical micelles is also included in Figure 
5) It is clear from Figure 5 that these calculated reflectivity profiles from the adsorbed micellar 
phases are distinct from the experimentally observed data and from the fitted bilayer. 
The fitted neutron reflection data strongly indicates rather low amounts of water in the 
surfactant layer. Hence the agreement of the scattering with a complete bilayer, rather than the 
adsorbed micelles outlined above. We can find better agreement with our data in the limit of 
close packed very distorted (‘flattened’) cylinders with no hydration between adjacent head 
groups to minimize solvent inclusion in the layer. However, we consider this model to be 
somewhat unphysical since there would be strong electrostatic repulsion between the charged 
head groups. Hence we conclude that the adsorbed C16TAB structure is an essentially complete 
bilayer. 
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Figure 5 [top] Data collected for the bare surface and C16TAB layer at 1 CMC in D2O along 
with fits to the data attempted using models for a bilayer, cylindrical micelles and spherical 
micelles. [bottom] SLD profiles extracted from fits. 
 
Conclusions 
We have shown that neutron reflection can be applied to the mica/water interface. The 
adsorbed structure of the C16TAB was determined to be an essentially complete bilayer using 
NR, a conclusion in good agreement with data from XRR, SFA and long time limit AFM studies. 
However, the data was not consistent with adsorbed micellar surface morphologies imaged using 
AFM when first deposited. It is suggested that the micellar surface morphologies may be induced 
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by the rapid lateral movements of the AFM tip where perturbation of the adsorbate provides a 
means of surfactant rearrangement on the surface.  
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Graphical Abstract + Synopsis 
In this work we present neutron reflection data from an alkylammonium surfactant (C16TAB) at 
the mica/water interface. The system is studied in situ in a non-invasive manner and indicates the 
formation of a complete adsorbed bilayer with little evidence of defects. A detailed analysis 
suggests that the data is not consistent with some other previously reported adsorbed structures, 
such as micelles or cylinders. 
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